INTRODUCTION
Microwave dielectric materials have attracted increasing interest because of their potential applications in mobile and satellite communications. Specifically, they have been investigated as various components for wireless communications, including duplexers, resonators, antennas, and oscillators [1] [2] [3] .
For these high frequency wireless communication applications, the microwave dielectric materials should have a high dielectric constant, a high quality factor, and a near-zero temperature coefficient of resonant frequency, which are desirable for minimization of the microwave circuit component, maximum signal intensity and adaptation to environmental temperature changes [4] [5] [6] .
Recently, researchers have focused on microwave dielectric material of Ni-Ti-Nb-O compounds because of their high dielectric constant and higher quality factor [7] [8] [9] [10] . For example, Liao et al. [7] reported that the Ni 0.5 Ti 0.5 NbO 4 ceramic was an excellent dielectric material with ε r =56.8, Q·f=21,100 GHz, τ f =79.1 ppm/°C. Tseng et al. [8] reported that the Ni 0.5 Ti 0.5 NbO 4 ceramic with 2 wt% ZnO sintered at 930 °C for 6 h possess promising microwave dielectric properties. In our previous research [10] , the Ni 0.5 Ti 0.5 NbO 4 was prepared by the aqueous sol-gel process and a considerable decrease in synthesis temperature (at 800°C) was obtained by for the formation of NTN nanopowders with well crystallinity. In order to expand the research of this rutile structure microwave dielectric ceramic system, the solid state reaction method was used for the preparation of Ni 0.5 Ti 0.5 NbO 4 ceramic and the correlations between sintering temperature and microwave dielectric properties of Ni 0.5 Ti 0.5 NbO 4 ceramics were systematically discussed.
EXPERIMENTAL PROCEDURE
The samples were prepared by a conventional solidstate reaction from oxide powders (analytical-grade NiO, TiO 2 , and Nb 2 O 5 ) method. The raw materials were mixed according to the formula of Ni 0.5 Ti 0.5 NbO 4 . The mixed powders were milled for 6 h with distilled water in a nylon container with ZrO 2 balls. All the slurries were dried and calcined at 1050 °C for 2 h. The powders were then mixed with polyvinyl alcohol as a binder, granulated and pressed into cylindrical disks of 10 mm diameter and about 5 mm height at a pressure of about 200 MPa. These pellets were preheated at 500°C for 4 h to expel the binder and then sintered at 1050-1200 °C for 4 h in air at a heating rate of 4°C /min.
Phase analysis of samples was conducted with the help of a Rigaku diffractometer (Model D/MAX-B, Rigaku Co., Japan) using Ni filtered CuKα radiation (λ=0.1542 nm) at 40 kV and 40 mA settings. Shrinking ratio and apparent density of the samples at different sintering temperatures were measured by geometry method and Archimedes method. The microstructures were examined using a scanning electron microscope (Model JEOL JEM-2010, FEI
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Co., Japan) coupled with energy dispersive X-ray spectroscopy (EDS). The relative dielectric constants (ε r ) were measured by Hakki-Coleman method [11] using a network analyzer (N5234A, Agilent Co., America) with TE011 resonant mode, and the quality factor (Q·f) values were measured using TE01d mode by the cavity method [12] . Temperature coefficients of resonant frequency were measured in the temperature range of 25-85°C. The resonant frequency was noted at regular intervals in the course of heating and the τ f was calculated using the following equation:
Where f 1 is the resonant frequency at temperature T 1 and f 2 at temperature T 2 .
3 RESULT AND DISCUSSION Curves of apparent densities and diametric shrinkage ratio of the Ni 0.5 Ti 0.5 NbO 4 ceramics sintered for 4 h depending on sintering temperatures from 1050 °C to 1200°C were plotted in Fig. 2 , through which the optimized sintering temperature could be determined. It was found that apparent densities increased from 4.69 to 4.96 g/cm 3 with sintering temperatures increasing from 1050 °C to 1100 °C. A saturated value of apparent densities was found to be nearly 5.0 g/cm 3 when the sintering temperature was in the range of 1100-1200 °C. The shrinkage tendency showed a similar tendency that increased from 9.9 % to 12.9% and a saturated value of shrinkage ratio was found to be nearly 13.5%. This result indicated that the Ni 0.5 Ti 0.5 NbO 4 ceramic could be obtained at 1100 °C with nearly full density. 
The SEM micrographs of Ni 0.5 Ti 0.5 NbO 4 ceramics sintered at each sintering temperature were shown in Fig. 3(a)-(d) . It was easily found that the grain size of Ni 0.5 Ti 0.5 NbO 4 specimen increased with sintering temperature. Much pores still existed in samples sintered at 1050 °C and all pores almost disappeared at 1150 °C. Abnormal grain growth was found when the sintering temperature reached 1200°C. Based on the result of SEM micrographs, it was concluded that the Ni 0.5 Ti 0.5 NbO 4 ceramics with full density were successfully prepared by solid state reaction at 1100-1150 °C for 4 h. The SEM micrographs of Ni 0.5 Ti 0.5 NbO 4 ceramic sintered at 1200 °C for 4 h and corresponding EDS analysis of nickel, titanium, niobium and oxygen were plotted in Fig. 3(e)(f) . It could be seen that the ratio of Ni: Ti: Nb: O was about 1: 1: 2: 8, which was consistent with the theory composition of Ni 0.5 Ti 0.5 NbO 4 .
The variation of dielectric constant, quality factor and temperature coefficient of resonant frequency of Ni 0.5 Ti 0.5 NbO 4 ceramics was shown in Fig. 4 . It was found that the dielectric constant steadily increased from 51.65 to 62.36 with the increase of sintering temperature from 1050 to 1100 °C, and then saturated at 62.2 during the sintering temperatures of 1100-1150 °C. The variation of dielectric constant was similar to that of apparent density because lower porosity induced higher density and dielectric constant. The dielectric constant decreased slightly at 1200 °C, which was mainly caused by the presence of the pores induced by the over-sintering. In addition, as the ceramic had nearly full density, the dielectric constant was mainly dependent on the dielectric polarizabilities, which was calculated to be 28.18 using the Shannon additive rule [13] given in Equ. (2) (2) where α(Ni 2+ ), α(Ti 4+ ), α(Nb 5+ ) and α(O 2-) represented oxides polarizability abilities reported by Shannon [14] . While the observed dielectric polarizability (α obs. ) was calculated to be 30.29 by the Clausius-Mossotti equation as formulated in Equ. (3) with dielectric constant measured at microwave frequencies. The observed dielectric polarizability (α obs. ) agreed well with the calculated values. (3) where V m , ε r and b indicated the molar volume of samples, dielectric constant and constant value (4π/3), respectively.
It had been reported that the quality factor of ceramic materials at microwave frequencies depends on processing parameters such as density, porosity, secondary phases and grain growth. In our present report, the quality factor of Ni 0.5 Ti 0.5 NbO 4 was measured by using the reflection cavity method and the values were strongly dependent on the sintering temperature. When the sintering temperature increased from 1050 to 1150 °C, the Q·f values gradually increased from 5,619 GHz to 10,974 GHz and reached a maximum value at 1150 °C. The remarkable increase of Q·f values from 1050 °C to 1150 °C was also related to the reduction of porosity according to the SEM microstructure results shown in Fig. 3(a-c) . Thereafter, the Q·f values decreased obviously with the sintering temperature increase to 1200 °C. According to the SEM results shown in Fig. 3(d) , it was believed that the non-uniform microstructure caused by abnormal grain growth would cause a harmful influence on the Q·f value.
The temperature coefficient of resonant frequency (τ f ) is a key parameter of the microwave dielectric ceramic which decides the performance of the dielectric resonators at atmospheric conditions. 
CONCLUSION
The microwave dielectric material Ni 0.5 Ti 0.5 NbO 4 was prepared by the solid state method. The microwave dielectric properties and microstructure were investigated. Pure Ni 0.5 Ti 0.5 NbO 4 phase was obtained after calcined at 1050 °C. Microwave dielectric properties were strongly dependent on densification and grain sizes, which were affected by the sintering process. At 1100 °C, the Ni 0.5 Ti 0.5 NbO 4 ceramics possesses excellent microwave dielectric properties with an ε r value of 62.37, Q·f value of 10,630 GHz and τ ƒ value of 88.30 ppm/°C, which would make these ceramics promising for application in microwave components.
